MicroRNAs (miRNAs) are small regulatory RNAs that can regulate gene expression by binding to mRNA sequences and repressing target-gene expression posttranscriptionally, either by inhibiting translation or promoting RNA degradation. We have analysed expression of 328 known and 152 novel human miRNAs in 10 benign peripheral zone tissues and 16 prostate cancer tissues using microarrays and found widespread, but not universal, downregulation of miRNAs in clinically localized prostate cancer relative to benign peripheral zone tissue. These findings have been verified by real-time RT-PCR assays on select miRNAs, including miR-125b, miR-145 and let-7c. The downregulated miRNAs include several with proven target mRNAs whose proteins have been previously shown to be increased in prostate cancer by immunohistochemistry, including RAS, E2F3, BCL-2 and MCL-1. Using a bioinformatics approach, we have identified additional potential mRNA targets of one of the miRNAs, (miR-125b) that are upregulated in prostate cancer and confirmed increased expression of one of these targets, EIF4EBP1, in prostate cancer tissues. Our findings indicate that changes in miRNA expression may have an important role in the biology of human prostate cancer. Oncogene (2008 Oncogene ( ) 27, 1788 Oncogene ( -1793 doi:10.1038/sj.onc.1210809; published online 24 September 2007 Keywords: prostate cancer; miRNA; microarray; EIF4EBP1 MicroRNAs (miRNAs) are small (20-22 nucleotide) regulatory RNAs. Initially, primary-miRNAs (pri-miRNAs), which are several hundred to thousand-nucleotide-long sequences, are produced by RNA polymerase II enzyme, which are further processed to a shorter miRNA-miRNA duplex and finally to a single-stranded mature miRNA. Mature miRNAs regulate gene expression by either perfect or nearly perfect complementary binding to mRNA sequences and repressing target-gene expression post-transcriptionally, either by inhibiting translation or promoting RNA degradation (Voorhoeve et al., 2006; Wu et al., 2007) .
There is emerging evidence that miRNAs are involved in cancer pathogenesis. A number of studies have detected frequent alterations of miRNA expression in a variety of human malignancies (Lu et al., 2005; Volinia et al., 2006) . miRNAs might function biologically as either tumor suppressors or oncogenes. For example, it has been shown that miRNAs of the let-7 family negatively regulate RAS (Johnson et al., 2005) . Thus these miRNAs function biologically as tumor suppressors and loss of expression would be predicted to promote transformation and tumor progression. The picture is complicated by the fact that a given miRNA may have many mRNA targets, so that the biological effects of changes in miRNA expression are likely to be dependent on the cellular context.
There are a limited number of studies in the literature on the role of miRNAs in prostate cancer. Lu et al. (2005) reported the use of miRNA expression profiling to classify human cancers. They analysed 217 mammalian miRNAs from multiple human cancers including 8 normal prostate and 6 prostate cancer samples. Prostate tumor samples were part of the study by Volinia et al. (2006) in which they described a large-scale analysis of the miRNA expression profiles in 540 samples from six types of solid tumors. To determine if there are changes in miRNA expression in a well characterized set of human prostate cancers we analysed RNAs from 10 benign peripheral zone tissues and 16 prostate cancer tissues (consisting of 70-90% cancer) from radical prostatectomies using miRNA microarrays containing probes targeting 328 known and 152 novel miRNA targets. We used equal numbers of cancers from men with no PSA recurrence within 5 years of surgery and from men with PSA recurrence within 1 year of surgery in order to examine samples with a range of clinical aggressiveness. A total of 85 of the 480 miRNAs were detectable in normal and/or neoplastic prostate tissues (Figure 1, left panel) . Of the miRNAs detected, almost all were downregulated in the majority of the prostate cancer samples. Overall 76 of the 85 miRNAs were significantly downregulated in the cancer samples (Po0.05, t-test). It should be noted that while overall the expression of these miRNAs was decreased, there was significant variability between cancers, with some cancers showing downregulation of almost all miRNAs (for example, cases 7357, 6098) and others (for example, case 4158) had only modest overall downregulation, while the majority had mainly downregulation, with variable retention of expression. One possible explanation for widespread downregulation of miRNAs in prostate cancer tissues would be if normal stromal tissues express higher levels of miRNA and thus, since cancers have less stroma than normal tissues, the relative expression of miRNAs would appear to be decreased. However, the variable pattern seen argues strongly against this possibility since all of the cancer tissues have a relatively uniform, high percentage of cancer confirmed by both histopathology and quantitative RT-PCR of prostate cancer specific markers (Wang et al., 2006) and thus have little variability in the percentage of stroma. However, this possibility can ultimately only be excluded by analysis of miRNA expression in laser captured stromal tissues. Several miRNA paralogous groups, consisting of miRNAs with high levels of sequence similarity, had multiple group members significantly downregulated in the prostate cancers, including the let-7 family (7b-g, 7i), miR-26a-b, miR-29a-c, miR-30a-e, miR-99a-b, miR-125a-b and miR-200a-b . Since these miRNAs have very similar sequences (Griffiths-Jones et al., 2006) and may potentially target similar mRNAs, such coordinate regulation may be biologically significant. Of note, we have identified a number of downregulated miRNAs with known targets that are upregulated in prostate cancer including the oncogenic proteins RAS and E2F3 and the anti-apoptotic proteins BCL-2 and MCL-1 (see, Supplementary Table 1 ). There was a tendency for the cases with early PSA recurrence to have more global downregulation on miRNAs in that six of the eight cases with downregulation of most miRNAs have early PSA recurrence, but no single miRNA was useful as a predictor of recurrence.
In addition to the 85 miRNAs that had expression in the majority of samples, we noted a group of 60 miRNAs that had undetectable expression in 85-96% of the samples analysed (data not shown). However, there was detectable expression in 1 or 2 normal and/or 1 or 2 cancer tissues. Of these, 40 miRNAs showed no . The order of the miRNAs is the same in the Baylor and the previously published datasets. For Baylor data, sample labels are given ('NM,' normal benign peripheral zone tissue; 'N,' no PSA recurrence (follow-up >5 year); 'L,' early PSA recurrence (o1 year)). Total RNA was isolated using Trizol reagent from snap frozen tissues from radical prostatectomy specimens as described previously (Wang et al., 2006) . Purified miRNAs were hybridized to miRvana miRNA bioarrays targeting a comprehensive selection of known human (328 miRNAs), as well as novel human (152) miRNAs as described in Supplementary Methods. This microarray technology has been described previously . Expression values were visualized as heat maps (color maps) using the Cluster and Java TreeView software (Eisen et al., 1998; Saldanha (2004) ) with expression values first centered on the mean centroid. Treatment of the miRNA profile dataset from Lu et al. (2005) and Volinia et al. (2006) was similar to that for our dataset.
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We next compared our data to the miRNA expression reported by Lu et al. (2005) using a bead-based detection system, in contrast to our microarray-based analysis. As seen in Figure 1 (middle panel), their results are very similar to ours, with widespread downregulation of miRNA expression in prostate cancer. Results in breast cancer show a similar widespread downregulation of miRNA. Mattie et al. (2006) also found widespread downregulation of miRNA on two biopsies of cancer versus pooled normal tissue using a microarray-based approach. In contrast, the data of Volinia et al. (2006) , which are also based on microarray technology, show upregulation of many miRNAs relative to non-cancerous prostate tissue which are downregulated in our analysis and that of Lu et al. (2005) , as seen in Figure 1 (left panel). There are a number of potential explanations for this difference. Volinia et al. (2006) used total mRNA, which would include precursor miRNAs, for labeling and spotted oligonucleotides that detect both precursor and mature miRNAs (Liu et al., 2004) . In contrast, our protocol, and that of Lu et al. (2005) and Mattie et al. (2006) included purification of small RNAs, including mature miRNAs, before analysis, so precursor miRNAs would not be detected. If there is a significant block in precursor miRNA processing in prostate cancer without a corresponding decrease in transcription, this could explain this discrepancy. A second potential explanation is differences in the tissues analysed. In our studies we have used benign peripheral zone tissue from radical prostatectomy specimens as our normal reference while the normal tissues of Volinia et al. (2006) are described by these authors as being from non-cancer individuals. The exact source of these tissues is not stated but such tissues could be hyperplastic transition zone tissue removed surgically or tissue from either peripheral zone or transition zone from organ donors or rapid autopsy protocols. Similarly, our cancer cases are all from men with clinically localized disease. The clinical and pathological stage of the prostate cancers analysed by Volinia et al. (2006) is not stated and this could potentially have a major impact on miRNA expression. Finally, it is possible the methodology of tissue harvesting could impact miRNA expression. It has been shown that hypoxia (Kulshreshtha et al., 2007) and other cell stresses (Marsit et al., 2006) can impact miRNA expression. Our tissues are harvested within minutes of removal so that hypoxia is not significant in our tissues and several hypoxia inducible miRNAs such as mi26a, mir 27a, mir103 are actually downregulated in our cancer tissues (Kulshreshtha et al., 2007) . In a similar manner, adjuvant treatments might potentially impact miRNA expression. In our cases, there were no treatments other than surgery. Obviously, further studies using multiple analytical methodologies are needed to clarify the range of miRNA expression in all types of prostate tissue and in cancers representing the full spectrum of disease.
To validate our miRNA microarray data we carried out quantitative RT-PCR using RNAs from 10 benign The order of the tissue samples is the same for all three plots. P-values by two-sided t-test. TaqMan microRNA assays for individual miRNAs have been used following manufacturer's protocol (Applied Biosciences, Foster City, CA). Ten nanograms of total RNA from each sample was subjected to reverse transcription reaction in a 15 ml volume at 421 C for 30 min and 1.33 ml used for quantitative PCR in duplicate as follows: 951 C for 10 min, and then 951 C for 15 s and 601 C for 1 min for 40 cycles in an Applied Biosystems 7000 Real-Time PCR system. Two different small nuclear RNAs, RNU43 and RNU6B, were used as internal controls. Primer pairs for these controls and for miR-125b, miR-145 and let-7c were obtained from Applied Biosciences. Each assay included a negative control, and the experiment was done in duplicate. The threshold cycle (C t ) of each sample was recorded as a quantitative measure of the amount of PCR product in the sample. The signals were normalized against the relative quantity of control miRNA and expressed as DC t ¼ (C tsample À C tcontrol ). Relative changes in expression were then calculated as 2 ½DCt .
Deregulation of microRNA expression in prostate cancer M Ozen et al peripheral zone tissues and 30 cancer tissues, including 10 with no recurrence, 10 with late PSA recurrence (>1 year but o5 years) and 10 with early PSA recurrence. We chose to analyse let-7c due to its established biological function (Johnson et al., 2005) and miR125b and miR-145 because they had previously been shown to be downregulated in breast cancer (Iorio et al., 2005) , and all three were significantly downregulated in prostate cancer as determined by miRNA microarrays. All of these miRNAs had variable expression in both the normal and cancer tissues (Figure 2) To determine if miRNA may modulate mRNA levels in prostate cancer we examined putative gene targets of miR-125b induced degradation in human prostate cancer versus normal prostate. Since there is a significant error in assessment of potential miRNA targets using any one algorithm we adopted the approach of Iorio et al. (2005) . As described by these authors, if a given target was identified using at least two of three different algorithms it was considered likely to be a genuine miRNA target. We used the gene list developed by these investigators for potential targets of miR-125b (286 potential targets) based on this criterion. We then queried a microarray expression database from Lapointe et al. (2004) to determine if any of the potential targets were significantly upregulated in prostate cancer compared to normal prostate, as would be predicted if there was decreased degradation due to loss of the miRNA targeting them. Results of this analysis are shown in Table 1 . A total of 26 (of 286) possible miR-125b target genes were significantly increased in prostate cancer. Some of these genes may have a significant impact on the biology and clinical behavior of prostate cancer. SEL1L, a protein that may play a role in breast and pancreatic cancer aggressiveness , has been shown to be upregulated in prostate cancer by immunohistochemistry (Barberis et al., 2006) . Of note, several genes that are involved in translation and the control of translation are upregulated including EIF4EBP1, RPL29, MGC16063 and PAPB. EIF4EBP1 is a key regulator of translation, so we sought to confirm its upregulation in prostate cancer by quantitative RT-PCR. As shown in Figure 3 , EIF4EBP1 mRNA is significantly increased in prostate cancer compared to benign peripheral zone tissue, validating the microarray results of LaPointe et al. (2004) in an independent sample set. EIF4EBP1, a protein that can inhibit translation initiation of capped mRNAs is a key downstream target of the AKT/mTOR pathway and when EIF4EBP1 is phosphorylated its inhibitory effects are decreased, allowing increased translation initiation. The increase in EIF4EBP1 mRNA is somewhat surprising since such an increase would inhibit translation of capped mRNAs that can promote tumor progression. On the other hand, Poly-A binding protein-1 (PAPB-1) known to promote translation of capped mRNAs (Gorgoni and Gray, 2004 ) may also be targeted by miR-125b. Thus in cells with decreased miR-125b, PABP-1 could potentially increase translation but this is held in check by the inhibitory activity of EIF4EBP1, which can be relieved by activation of the AKT/mTOR pathway. Recent studies in breast cancer, which also show loss of miR-125b, indicate that there is indeed an increase in EIF4EBP1 protein levels in poorly differentiated breast cancers (Rojo et al., 2007) , but in such cases the protein was almost all phosphorylated, primarily due to activation of the AKT pathway, consistent with this hypothesis. Thus loss of miR-125b may potentiate the translational response to activation of the AKT pathway. Obviously, this hypothesis requires direct experimental validation, but does illustrate the potential pleotropic effects of miRNA downregulation.
In summary, we have demonstrated widespread, statistically significant downregulation of miRNAs in clinically localized prostate cancer when compared to benign peripheral zone tissue. We have also shown upregulation of potential mRNA targets of one of the miRNAs in prostate cancer tissues and correlated loss of several miRNAs with the published literature regarding protein expression of the validated targets of these miRNAs in prostate cancer tissues. Our findings are consistent with recently published studies showing that global repression of miRNA expression enhances tumorigenesis (Kumar et al., 2007) . Validation of other potential targets of the downregulated miRNAs experimentally is needed to confirm the role of miRNA downregulation in prostate carcinogenesis. In addition, further investigations are needed to determine if there is upregulation of selected miRNAs during progression of prostate cancer to the stage of metastatic disease. In addition, studies of the mechanism of the observed widespread dysregulation of miRNA expression in prostate (and other cancers) are clearly needed. Our data certainly support the concept that alterations of miRNA expression can play an important role in prostate carcinogenesis and as such may be a critical therapeutic target. Oligonucleotide primers for EIF4EBP1 (NM_004095.2) were forward, 5 0 -CTGATGGAGTGTCGGAAC-3 0 , and reverse, 5 0 -AT GGCTGGTGCTTTAAATG-3 0 ; for b-actin were forward, 5 0 -AGC ACGGCATCGTCACCAACT-3 0 , and reverse 5 0 -TGGCTGGG GTGTTGAAGGTCT-3 0 . Real-time PCR was carried as described previously (Wang et al., 2006) with the following conditions: 3 min at 951 C; followed by 40 cycles at 951 C for 15 s, 60.51 C for 30 s and a final 721 C extension for 30 s. RT-PCR of b-actin was performed as described previously (Wang et al., 2006) . The threshold cycle (C t ) values in log linear range representing the detection threshold values were used for quantitation and expressed as copy numbers based on a standard curve generated using plasmid DNA.
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